Abstract: Patterns of dispersal in riverine populations of Australian smelt (Retropinna semoni) were examined using otolith chemistry (Mg:Ca, Mn:Ca, Sr:Ca, Ba:Ca) and genetic markers (allozymes, mtDNA, microsatellite DNA). During a period of prolonged low flows, young-of-year smelt were collected from 13 streams within three catchments of the southern Murray-Darling Basin, Australia. Spatial differences in otolith core and edge chemical signatures and high levels of genetic assignment to sampling locations were observed, suggesting that most recruits were retained in natal areas after spawning. Following a subsequent period of hydrological connection, the same cohort was sampled as 1-year-olds. Maximum likelihood estimation using otolith core chemistry data from these fish suggested that retention in natal areas was highly variable between years and a similar, though less pronounced, pattern was evident in genetic assignments. Partitioning of genetic variation among catchments was not significant (FCT < 0.004) and probably reflects disequilibrium between migration and genetic drift due to an historical population expansion (~270 000 years ago). Taken together, otolith chemistry and genetic analyses suggest that contemporary dispersal of smelt within these catchments is relatively restricted and may be mediated by changes in hydrological connectivity.
Introduction
Rivers are dendritic environments characterized by networks of hierarchically arranged habitat patches in which hydrologic and biotic connectivities are often temporally and spatially variable (Fagan 2002; Grant et al. 2007 ). Considering the changes to hydrology predicted to occur as a result of anthropogenic climate change and increased human demands for water resources (Miles et al. 2000; Mimikou et al. 2000; Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Australian Bureau of Meteorology 2007) , questions regarding the role of dispersal in the persistence of riverine organisms are of increasing importance to the conservation of aquatic biodiversity (Hughes 2007; Lassalle et al. 2008) .
The behavioural and physical processes that influence connectivity for a given species operate over a range of temporal scales, from events within the lifetime of an individual (e.g., floods, droughts) to evolutionary time scales (e.g., ice ages, geological eras). A variety of methodological approaches are now available to examine biotic connectivity over these time scales (Lucas and Baras 2000) . For example, analysis of the chemical constituents of fish otoliths (ear stones) has recently been used to examine within-lifetime patterns of connectivity among fish populations (e.g., Thorrold et al. 2001; Gillanders 2002; Crook and Gillanders 2006) . The otoliths of fish grow continuously throughout life and are composed of a calcium carbonate matrix that is not remetabolized once deposited (Campana 1999) . Dissolved trace elements in the surrounding water become chemically bonded within the otolith matrix as it accretes, and the concentrations of trace elements can thus be used to characterize the ambient water chemistry at different stages of life, including recent growth at the otolith edge and early life stages at the otolith core (Forrester and Swearer 2002; Gillanders and Joyce 2005; Sandin et al. 2005) . By comparing the natal signatures of fish within a population, it is possible to estimate the recruitment sources of individuals and levels of connectivity between populations (Thorrold et al. 2001; Ruttenberg and Warner 2006; Barbee and Swearer 2007) .
The use of genetic methods, in particular the analysis of variation in allozymes, mitochondrial DNA, and microsatellite DNA, is also well established in studies of population structure and dispersal in freshwater fish (Avise 2004) . Various models of population structure that capture major differences in connectivity of river networks have been adopted (Hughes et al. 2009 ). For example, the stream hierarchy model (SHM; Meffe and Vrijenhoek 1988) predicts that the hierarchical structuring of a river network will covary with genetic structure because gene flow is more likely to occur between populations that are nested together in the river network. Where these models fail to account for observed data, other models that do not assume equilibrium between migration and genetic drift may be useful for inferring regional patterns of dispersal. These relate the degree of geographic separation among populations with their genetic differentiation (Slatkin 1993; Hutchison and Templeton 1999) . In addition, dispersal estimates can be obtained using individual assignment methods that test whether an individual is a member of a particular breeding population based on the likelihood of its multilocus genotype arising by random mating in a given population of genotypes (Manel et al. 2005) . Provided that sufficient genetic differentiation exists among populations, such an approach can be used to classify an individual as a ''resident'' or ''immigrant'' to its population of origin . By employing the range of available genetic techniques in such ways, analysis of population genetics can provide estimates of dispersal over time scales ranging from the lifetime of an individual fish to millennia.
Most previous studies of connectivity and structure among fish populations have used methods such as otolith chemistry and genetic techniques in isolation. More recently, however, researchers have begun to recognise the potential to increase inference by combining techniques to obtain independent estimates of population structure. Miller et al. (2005) , for example, used otolith chemistry and microsatellite data to show that populations of the marine black rockfish (Sebastes melanops) exhibit localized spatial structuring. Similarly, identification of distinct population subdivisions was corroborated by otolith and microsatellite data in fluvial populations of Arctic grayling (Thymallus arcticus; Stamford and Taylor 2005; Clarke et al. 2007 ), Sacramento splittail (Pogonichthys macrolepidotus; Baerwald et al. 2007; Feyrer et al. 2007) , and stocks of Chinook salmon (Oncorhynchus tshawytscha; Miller et al. 2010) . Based on microsatellite data, limited broad-scale dispersal was inferred for northern hemisphere rainbow smelt (Osmerus mordax) populations, and otolith analysis confirmed that most rainbow smelt remain in estuaries during their first year of life (Bradbury et al. 2008) .
Although combined analyses of otolith chemistry and genetic data often provide complementary information, in some cases there are apparent conflicts between estimates of population structure using the two methods. For example, several otolith chemistry analyses have revealed high levels of local recruitment in some marine fish, whereas genetic analysis indicated little evidence for population structure (Swearer et al. 1999 cf. Haney et al. 2007 Thorrold et al. 2001 ). These differences have been explained by recognising that patterns of genetic variation are contingent on a variety of processes (e.g., population size and history) in addition to the contemporary pattern of spatial connectivity that is resolved by otolith chemistry data. The chronological properties of otoliths can provide a record of movements between different aquatic environments within the lifetime of an individual, whereas genetic markers may resolve population structure over various time scales depending on the rate that variation accumulates at a given locus.
The aim of the present study was to use a suite of genetic and otolith chemistry techniques to investigate the population structure of a small fish species, the Australian smelt (Retropinna sp.), in small ephemeral waterways. The stochastic nature of ephemeral river systems impose spatial and temporal limits on population connectivity because opportunities for dispersal and gene flow are restricted to periods when flow is sufficient to allow movement between refugial pools. Additionally, the temporal and spatial patchiness of water in ephemeral systems renders their fish faunas highly vulnerable to the predicted impacts of climatic change, particularly in regions experiencing increased aridity. For example, hydrological connectivity may be funda-mentally altered by reduced flows in the future, with likely consequences for the demography of species such as the Australian smelt. Within this context, we examine spatial variation in otolith chemistry and genetic data of Australian smelt to elucidate contemporary patterns of population structure and historical and contemporary processes relating to connectivity between hydrologically isolated populations. Specifically, we set out to determine (i) whether results of the two techniques indicate similar levels of contemporary dispersal in riverine populations of the Australian smelt, and (ii) whether Australian smelt populations are panmictic, reflecting widespread migration within the system, or fit the stream hierarchy model, with populations from the same river more similar than populations from different rivers.
Materials and methods

Study species
The Australian smelt is a common and abundant smallbodied (<100 mm total length) freshwater fish species complex, widely distributed throughout coastal and inland drainages in southeastern Australia. It is a member of the family Retropinnidae (southern smelts), which share a close evolutionary relationship with northern hemisphere Osmeridae (northern smelts) and southern Galaxiidae (Waters et al. 2002) . Species in these groups exhibit a range of diadromous and wholly freshwater life history strategies (McDowall 1988) . The Australian Retropinna are short-lived fish (up to 3 years), represented by two recognised species, including the widely distributed Retropinna semoni (Weber) in eastern Australia and Retropinna tasmanica (McCulloch) in Tasmania. Hammer et al. (2007) recently highlighted the need for taxonomic reappraisal of Australian Retropinna by demonstrating a pattern of cryptic diversity more consistent with the presence of five species. Population-level analyses indicate that R. semoni from the upper Murray-Darling Basin (MDB) (including the location of the present study) comprise a genetically homogenous group (MTV taxon after Hammer et al. 2007 ). The present analysis is therefore unlikely to be compromised by inclusion of multiple cryptic taxa, and we hereafter refer to the study species as Australian smelt or smelt. There is little detailed knowledge of the extent of movements by the species, although potamodromous migrations within freshwater have been reported in several studies of fish passing through fish ladders (e.g., Mallen-Cooper 1999; Baumgartner 2004) . At least some coastal populations are thought to display facultative diadromy, with some larvae and early juveniles spending time in the estuarine or marine environment before undertaking upstream migrations into freshwater . There is no possibility that the smelt sampled in the current study had spent time in the marine environment, however, as the mouth of the Murray River (into which the study streams ultimately flow) is more than 1500 km downstream, with multiple dams and weirs acting as complete migration barriers along this distance.
Sampling sites
Smelt were collected from 12 ephemeral tributaries of the catchments of the Ovens, Campaspe, and Goulburn rivers in the southern MDB, southeastern Australia. A single site on the main channel of the Campaspe River was also sampled (Fig. 1) . The Ovens River is one of the least flow-regulated rivers in the MDB, and although there are several small dams in the upper reaches of the catchment (total catchment area, 798 100 ha), a relatively natural flow regime is maintained throughout the year. Within the Campaspe (404 800 ha) and the larger Goulburn (1685 700 ha) catchments, substantial barriers to movement (dams and weirs) have been constructed since European settlement, and flow is heavily regulated. The tributaries that we sampled typically experience periods of low flow in the summer months, resulting in a series of hydrologically disconnected pools that act as refugial habitat for fish. Such conditions were evident in all three catchments for several months preceding sampling in February 2004 and February 2005 . However, in the intervening period during winter and spring 2004 (June to November), increased flows temporarily restored hydrologic connectivity between pools in all of the study tributaries.
Fish collection
Young-of-year (YOY) and 1-year-old smelt were collected using a 1.5 m Â 7 m fine-mesh seine net in February 2004. In 2005, 1-year-old smelt (i.e., the 2004 YOY cohort) were collected for otolith chemistry analysis to allow us to estimate dispersal following re-establishment of hydrological connectivity in the tributaries during spring and winter 2004. A random sample of YOY and 1-year-old individuals were used for genetic analysis in both 2004 and 2005. Upon capture, each fish was euthanized in an ice slurry and dissected to remove the head for otolith removal and the rest of the fish for genetic analysis. Each fish was given a unique identification number and the heads were stored in separate plastic bags in 95% ethanol. The body of each fish was placed in a separate plastic bag, immersed in liquid nitrogen, and subsequently transported back to the laboratory and stored at -80 8C prior to molecular analysis. Ageing of smelt was validated by annual increment ageing on the otoliths of a subset of fish and thereafter body length was used . Body length over 50 mm total length (TL) was considered representative of smelt 1+ years old.
Otolith preparation and analysis
The sagittal otoliths of 261 YOY fish and 141 1-year-old fish were dissected, cleaned of adhering tissue, triple-rinsed in Milli-Q water, and stored dry in polypropylene microtubes. One sagitta from each fish was then embedded whole, proximal surface facing downwards, on an acid-washed glass slide in a two-part epoxy resin (EpoFix 1 , Struers AS, Ballerup, Denmark). Otoliths were polished to the level of the primordium using a series of wetted lapping films (particle diameter 9, 5, and 3 mm) followed by a final polish with alumina slurry (0.5 mm). Up to 200 otoliths were mounted on each slide and arranged in random order to remove the potential for systematic measurement errors. After mounting, slides were allowed to dry and then were sonicated in Milli-Q water for 5 min and air-dried overnight in a plastic laminar flow cabinet.
Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) was used to determine the elemental concentrations of the otoliths. For the 2004 samples, we used a Merchantek LUV 266 nm Nd:YAG UV laser microprobe (New Wave Research Inc., Fremont, California) operated in Q-switched mode and coupled to a Finnigan MAT ELE-MENT high resolution ICPMS (Thermo Finnigan MAT GmbH, Bremen, Germany) located at Monash University, Melbourne, Australia. Each otolith was ablated from the distal to the proximal surface using a 30 mm diameter ablation spot (i) through the otolith edge at the widest radius of the dorsal margin and (ii) through the primordium. Data for edge and core signatures were selected from the first 15 s of the acquisition sequence for each otolith sample, which equated to~150 laser scans. Based on examination of validated daily growth increments using similar methods to those described by Macdonald et al. (2008) , we estimate that the data selected at the core incorporated the primordium and <10 days of otolith growth after hatch and that data selected at the otolith edge incorporated the last 15 days of otolith growth prior to capture. Because of the limited dispersal opportunities available in the months preceding sampling in 2004, chemical signatures from the otolith edges (i.e., recent growth region) were considered to be representative of the environment at the collection sites. Otolith material sampled in the core regions was considered to represent the fish's natal chemical environment.
The laser was operated with output energy of 0.45-0.50 mJ and a repetition rate of 6 Hz. Ablation occurred inside a sealed chamber in an atmosphere of helium (flow rate, 0.36 LÁmin -1 ) with the ablated materials mixed with argon prior to transport to the ICPMS. Otoliths were analysed for several isotopes, including 24 Mg, 43 Ca, 55 Mn, 88 Sr, and 138 Ba. 43 Ca was measured for use as an internal standard to correct for variation in ablation yield among samples. The concentrations of the other isotopes were standardized to 43 Ca using the relative response of the instrument to known elemental concentrations in an external glass standard (National Institute of Standards Technology, NIST 612), and data were expressed as analyte to Ca molar ratios (i.e., Mg:Ca, Mn:Ca, Sr:Ca, Ba:Ca). The ablation chamber was purged for 20 s after each opening to remove any background gas or particles from previous samples. Mean counts of a 20 s background analysed prior to each ablation transect were subtracted from the averaged raw ion counts for each element over the interval of interest. The NIST 612 was analysed after every 10 samples to correct for any long-term drift in the instrument. Blank backgrounds, which measured the sample gases without ablation, were measured before each sampling session and used to determine detection limits. Detection limits (in mgÁg -1 ) were calculated based on the ablation yield equivalent to 3 Â standard deviation (SD) of the blank signal. Mean values for each element were as follows: Mg, 0.73; Mn, 0.08; Sr, 0.09; and Ba, 0.01. Precision of the method was calculated using the percentage of relative standard deviation (%RSD) of mean concentrations of elements ablated from 150 laser scans of the NIST 612. Averaged values across all NIST 612 samples (n = 37) were as follows: Mg:Ca, 3.1%; Mn:Ca, 4.2%; Sr:Ca, 2.4%; and Ba:Ca, 3.2%.
In 2005, otolith chemistry analysis was conducted using a Resonetics LPX120i ArF 193 nm excimer laser system (Resonetics, Nashua, New Hampshire) coupled to an Agilent 7500s ICPMS (Agilent Technologies, Inc., Santa Clara, California) at the Australian National University (ANU). The uniform energy distribution and rapid response of this laser system allowed us to more precisely isolate data from the growth region of interest than the 266 nm laser system used to analyse the cores and edges of the 2004 samples (see Macdonald et al. 2008) . We used a depth-profiling approach to sample a 70 Â 6 mm target region at the otolith core that incorporated 2-10 days of otolith growth after hatch, but excluded material associated with the primordium (identified by a clear peak in Mn concentrations). The otolith core regions of the 141 1-year-old smelt collected in February 2005 were analysed in this way. To remove potential errors associated with interlaboratory comparisons (Campana et al. 1997) , we also re-analysed the core regions of the second sagitta from 238 of the YOY smelt collected in February 2004 using the ANU system. The laser system was calibrated using NIST 610 and NIST 612 reference standards, and measurements of the concentrations of 24 Mg, 43 Ca, 55 Mn, 88 Sr, and 138 Ba were acquired for each otolith sample. Average detection limits (3 Â SD of the blank signal (in mgÁg -1 )) for each element across all samples were as follows: Mg, 0.091; Mn, 0.042; Sr, 0.009; and Ba, 0.011. Precision values (%RSD) based on 22 means of a sequence of 39 laser scans (i.e., the same number of pulses used for otolith samples) on the NIST 612 were as follows: Mg:Ca, 8.22%; Mn:Ca, 7.81%; Sr:Ca, 7.58%; and Ba:Ca, 10.35%. Further information on the analytical procedures and laser operating parameters used can be found in Macdonald et al. (2008), and for a detailed description of the laser system's performance, see Eggins and Shelley (2002) and Eggins et al. (1998 Eggins et al. ( , 2005 .
Analysis of otolith chemistry data
Spatial patterns in otolith edge and core chemistry for the 2004 samples were examined with univariate and multivariate ANOVAs and linear discriminant function analysis (DFA) using data from the Monash University system. Classification success for the DFAs was calculated by jackknifed cross-validation matrices, and standardized coefficients for the discriminant functions were used to measure which elements contributed most to site separation. We conducted randomization tests to determine if the jackknifed classification estimates were significantly different from random (see White and Ruttenberg 2007) . Based on code provided by White and Ruttenberg (2007) , a script was run in R (version 2.8.0, The R Foundation for Statistical Computing) to calculate the classification success rates and associated P values (i.e., the probability of obtaining the observed classification rate due to chance alone) using uniform prior probabilities and 10 000 randomizations of the data. All analyses were performed on log e -transformed data.
Maximum likelihood estimation (MLE) was used to estimate the proportion of the 1-year-old fish captured in 2005 that had remained at their natal site since the previous summer. We used the 2004 YOY otolith core chemical signatures for each sampling site acquired using the ANU system (n = 238) as the baseline data set. Univariate and multivariate analyses of variance (ANOVAs) were conducted to ensure that the results were consistent between the Monash and ANU systems. Otolith chemistry data for the Broken River site was not considered suitable as baseline data because of the wide spread in the multi-elemental chemical signatures of fish from this site. Although exclusion of this site reduces the spatial extent of our analysis, our emphasis was to estimate the proportion of 1-year-old fish assigned as residents within each site, rather than attempting to describe all potential sources of fish. Thus, removal of the Broken River site does not affect the overall conclusions drawn from the otolith chemistry analysis. The MLEs were conducted for each catchment separately using the software program HISEA (Millar 1990 ), and we used the direct maximum likelihood estimator for all calculations. To investigate the variability of the estimator, 1000 simulations (with resampling) were run on the baseline data set (Campaspe, n = 59; Goulburn, n = 99; Ovens, n = 59). Following the simulations, the software was run in analysis mode and the proportion of putative resident 1-year-old fish at each site was estimated.
Allozymes
Preparation of muscle tissue for allozyme electrophoresis followed methods in Hughes and Hillyer (2006) . Initially, three individuals from each population were screened for polymorphism across 25 enzyme systems based on previously published protocols (Richardson et al. 1986 ). Five polymorphic loci (frequency of common allele < 0.99) were detected and genotyped for 30 individuals from each population using two standard individuals run on each plate. Locus names, abbreviations, and enzyme commission codes include glucose-6-phosphate isomerase (PGI, 5.3.1.9), aspartate transaminase (2 loci, AAT-1 and AAT-2, 2.6.1.1), besterase (bEST, 3.1.1.1), and peptidase B (PEP-B, 3.4.1.1).
Microsatellites
Total genomic DNA was extracted from muscle tissue following a cetyltrimethyl ammonium bromide (CTAB) -phenol -chloroform extraction protocol (Doyle and Doyle 1987) . The 30 individuals used for allozyme analysis from each population were genotyped for four polymorphic microsatellite loci (Sm18, Sm26, Sm49, and Sm80) . PCR reactions and product preparation for electrophoresis followed the methods described by Hillyer et al. (2006) . Individuals were genotyped at each locus using a 5% denaturing acrylamide gel on a Gel-Scan 2000 DNA analyser (Corbett Research, Sydney, Australia). Allele size was determined against a Genemark 350-TAMRA size marker (Astral Scientific, Gymea, NSW, Australia) along with two internal PCR standards on each gel. Alleles were visualized and scored using ONE-DSCAN software (Scanalytics Inc., Fairfax, Virginia).
Mitochondrial DNA
A region of the mtDNA genome spanning ATPase 6 and ATPase 8 was amplified according to the polymerase chain reaction (PCR) protocol of McGlashan and Hughes (2000) . Amplified product from five individuals was sequenced in both directions, and a new reverse primer was developed and used in further amplifications, smelt r-7 (5'-AGCCGT-AGGTTGGTTGGTTTCGCAT-3'). Amplified product was purified via an enzymatic purification protocol using exonuclease I (Fermentas International Inc., Burlington, Ontario, Canada) and shrimp alkaline phosphatase (Promega Corporation, Madison, Wisconsin) and sequenced on an ABI 3130xl (Applied Biosystems, Life Technologies Corporation, Carlsbad, California) automated sequencer at the Griffith University DNA Sequencing Facility. Twenty individuals were sequenced from each population; these were randomly selected from the 30 individuals used in allozyme and microsatellite analysis. Haplotype sequences were lodged with GenBank under accession nos. FJ593511 to FJ593561 (Appendix A, Table A1 ).
Intrapopulation diversity
Tests for linkage disequilibrium and departures in genotypic proportions expected from Hardy-Weinberg equilibrium (HWE) were calculated with exact tests for each locus-population combination using default settings in GENEPOP (Raymond and Rousset 1995) . Population-level diversity was estimated for allozyme and microsatellite markers using expected heterozygosity and allelic richness in GENEPOP. Mitochondrial sequences were edited and aligned using BIOEDIT (Hall 1999) . Genetic variation within populations was assessed using haplotype diversity (h) in ARLEQUIN (version 3.1; Excoffier et al. 2005) . Nucleotide variation across the study area was used to test for historical changes in the demography of smelt in the upper Murray-Darling Basin. Dramatic changes to population size (e.g., bottlenecks and population expansions) may alter both haplotype diversity and variation in segregating sites relative to the patterns expected for stable populations (Ramos-Onsins and Rozas 2002). Fu's F S statistic (Fu 1997 ) was used to test for a signature of population expansion that manifests in an excess of haplotypes relative to expectations for a historically stable population. The R 2 statistic (Ramos-Onsins and Rozas 2002) was used to test for an excess of singleton substitutions (i.e., base changes sampled only once), which are likewise characteristic of rapidly expanding populations. In addition, a mismatch distribution of pairwise base differences among all individuals was calculated for comparison with the distribution expected for an exponentially growing population. An estimate of the time of the expansion was taken using the expectation t = 2ut (Rogers 1995) , where t is the age of the expansion in mutational units derived from the mismatch distribution, u is the per-generation nucleotide substitution rate for the gene fragment based on a yearly pernucleotide substitution rate of 0.65 Â 10 -8 (Bermingham et al. 1997 ) and average generation time of one year (Pusey et al. 2004) , and t is the unknown expansion time in generations. Fu's F S , the mismatch distribution, and R 2 were calculated in DnaSP (version 4.50; Rozas et al. 2003) .
Population genetic structure and individual assignment
Pairwise comparisons of genetic structure were calculated for each genetic marker using F ST estimates in ARLEQUIN (version 3.1; Excoffier et al. 2005) . The critical value (a) was corrected for multiple tests using the BY false discovery rate method (BY-FDR), which controls experiment-wide type I error without the loss of power to detect differentiated populations, that is associated with the Bonferroni adjustment (Benjamini and Yekutieli 2001; Narum 2006 ). Mantel tests (Mantel 1967) were used to test for isolation-bydistance (IBD) where Slatkin's linearized F ST (Slatkin 1995) was used as a measure of genetic differentiation, and river distances (Fetzner and Crandall 2003) were measured from a topographic map with a scale of 1 : 250 000. Tests for IBD were conducted across all sample sites separately for mtDNA, microsatellites, and allozymes markers.
The influence of hierarchical river structure on spatial genetic variation was tested with analysis of molecular variance (AMOVA) in ARLEQUIN (version 3.1; Excoffier et al. 2005) for each genetic marker. The hierarchical levels of analysis and their associated F statistics include among catchments (F CT ), among sites within catchments (F SC ), and among all sites (F ST ). Sequence divergence was incorporated into the AMOVA for the mtDNA data by calculating K ST based on uncorrected pairwise differences between haplotypes.
Individuals were classified as either residents or first-generation (F 0 ) immigrants to populations represented by 30 individuals collected at each sampling location in 2004, using individual assignment and population exclusion methods implemented in GENECLASS (version 2; Piry et al. 2004 ). Individual assignment probabilities were calculated using the partial Bayesian approach of Rannala and Mountain (1997) using four microsatellite loci. The test statistic used for classification of each individual as resident or immigrant was the likelihood of drawing the individual's genotype from its population of origin (L h ), which is appropriate to the present situation in which all potential source populations are not sampled ). The simulation algorithm of Paetkau et al. (2004) was used to generate 10 000 resident genotypes and derive an associated distribution of assignment probabilities for each location. Individuals were excluded as residents and classed as immigrants when L h fell within the 0.01 tail of this distribution ). Re-establishment of hydrological connectivity during spring and winter 2004 allowed us to examine whether the potential for dispersal had a detectable impact on individual assignment rates for smelt collected in 2005. Eleven sites were successfully resampled in 2005, and approximately 20 individuals from each site were assigned to reference data collected from the same location in 2004 before hydrological connection occurred.
Results
Spatial variation in otolith chemical signatures
Substantial differences in the concentrations of Mn:Ca, Sr:Ca, and Ba:Ca in otolith edges were observed both among and within catchments, yet Mg:Ca concentrations were relatively similar across all sites based on data from the Monash laser system (Table 1a ; Fig. 2 ). The results of the multivariate ANOVAs and linear DFAs showed that it was possible to discriminate between most sampling sites within catchments using the multi-elemental signatures of the otolith edges (Table 1b ; Fig. 3 ). There was substantial overlap in the otolith edge chemical signatures of fish from the different catchments, resulting in only moderate classification accuracy across catchments (61%, P < 0.001) ( Table 2 ). However, sites within catchments tended to be more distinct, with overall classification success rates of 67% (P = 0.032) in the Campaspe, 83% (<0.001) in the Goulburn, and 97% (P < 0.001) in the Ovens catchments. The lower classification success among the Campaspe sites was mainly due to the similarity in otolith edge signatures between Forest Creek and McIvor Creek smelt (Table 2 ; Fig. 2) . Examination of the standardized coefficients showed that Mn:Ca was most influential in the discriminant functions at the catchment scale but had little influence at the site scale. Sr:Ca and, to a lesser extent, Ba:Ca were responsible for much of the observed variation in otolith edge chemistry among sites (Table 3) .
Similar to the otolith edges, the analysis of core otolith chemistry revealed significant univariate and multivariate differences in elemental concentrations among catchments and among sites within catchments, with comparable results obtained using both the Monash and ANU laser systems (Table 1; Figs. 2, 3) . Because of the lack of hydrological connectivity at most sites prior to sampling, YOY smelt collected in February 2004 are likely to have been restricted to their natal site since they were spawned. Hence, we would expect relatively high classification success of individuals based on otolith core chemistry. The linear DFAs based on data from the Monash system confirm this and show clear discrimination among most sampling sites within catchments, with classification accuracy similar to and, in many cases, higher than those of the otolith edges (Table 2 ; Fig. 3 ). Ba:Ca and Mn:Ca were most influential in the discriminant analysis at the catchment scale. At the site scale, Sr:Ca and Ba:Ca were most important, whereas Mn:Ca had relatively little influence (Table 3) .
Dispersal estimation using otolith core chemistry
Estimates of the proportions of 1-year-old fish classified as residents or immigrants were undertaken using the otolith core chemistry data acquired with the ANU system. We were unable to collect any 1-year-old fish at several sites, whereas at others (e.g., Croppers Creek, Hurdle Creek), interpretation was limited by low sample sizes (Table 4 ). In the Campaspe catchment, 95% (n = 21) of 1-year-old smelt collected from McIvor Creek were assigned to their site of collection (i.e., putative residents) based on their otolith core chemistry, and all 27 fish collected from the Campaspe River were classified as residents (Table 4a ). By contrast, estimates for the Goulburn catchment suggested that at most sites, a high proportion of 1-year-old fish were nonresidents that had migrated into the sampling site since February 2004. Of the 55 1-year-old smelt analysed, only 16% were classified as residents based on their otolith core chemistry. None of the fish collected at Castle Creek (n = 9) or Seven Creeks (n = 10) was assigned to their collection sites, and 47% (n = 23) of fish collected from Reedy Lake Creek were classified as residents (Table 4b ). In the Ovens catchment, it was estimated that 94% (n = 17) of 1-year-old smelt captured at Reedy Creek were residents (Table 4c ). The low numbers of 1-year-old smelt captured at Croppers Creek and Hurdle Creek limits interpretation for these sites, although 88% (n = 8) of fish collected from Hurdle Creek and Croppers Creek were classified as nonresidents.
Intrapopulation genetic diversity
Genetic diversity was higher for microsatellite loci than for allozymes in all populations, with microsatellite allelic richness and heterozygosity ranging from 6.25 to 11.25 and from 51% to 80%, respectively, compared with the lower allozyme values ranging from 2.0 to 3.0 and from 20% to 42% (Table 5) (Table 5 ; Appendix A, Table A1 ). The 12 sampling sites from which YOY fish were collected are nested within the three river catchments (Campaspe, Goulburn, Ovens). df, degrees of freedom; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Statistical tests for population growth based on the mtDNA locus were consistent with a historical population expansion event. The observed Fu's F S value of -56.5 (P < 0.001) is consistent with an excess of haplotypes relative to expectations for a stable population. The small R 2 value of 0.022 (P < 0.001) reflects an excess of singleton substitutions in the mtDNA data set, which is consistent with a historical growth event. The shape of the mismatch distribution is unimodal, smooth, and left-skewed as expected for a population that has undergone a historically recent expansion. Assuming that population growth is responsible for this pattern of variation, then the timing of the expansion event (t = 1.788) is on the order of 275 000 years.
Spatial structuring of genetic variation
Structuring of genetic variation was nonrandom across populations for mtDNA (K ST = 0.213), allozymes (F ST = 0.095), and microsatellites (F ST = 0.045), indicating that smelt are not panmictic in the study area (Table 6 ). Pairwise comparisons indicated that a large proportion of populations were significantly differentiated from each other. The BY-FDR corrected critical value of P 0.00987 was used for 78 pairwise comparisons and 40 (51%) tests were significant for mtDNA, whereas 60 (77%) and 51 (65%) tests were significant for microsatellites and allozymes, respectively. Hierarchical structuring of the river network in accordance with the SHM was a poor predictor of genetic structure. Partitioning of variation among the catchments (F CT ) is expected to be relatively high according to the SHM, but we found the reverse, with catchments accounting for less than 0.3% of variation in a hierarchical AMOVA and the corresponding F CT values are low and nonsignificant (Table 6 ). This result was consistent across each of the three genetic marker types used and for most loci except Sm18 and PGI (Table 6 ). Current barriers to movement in the regulated rivers do not appear to explain the observed pattern of genetic structuring. For example, significant structuring in the Campaspe catchment is attributable to differentiation between upper (McIvor Creek) and lower (Forest Creek, Campaspe River) populations rather than between the two latter populations, which are separated by the Campaspe Weir.
Tests for isolation by river distance across the study area were nonsignificant for each of the three genetic markers (mtDNA, r = -0.106, P = 0.6 (Fig. 4a) ; allozymes, r = -0.067, P = 0.64 (Fig. 4b) ; microsatellites, r = -0.179, P = 0.8 (Fig. 4c) ). Three populations are responsible for a disproportionate number of high F ST values in the IBD scatterplots (Fig. 4) 
Dispersal estimation using genetics: classification of resident-immigrant status
The null hypothesis of resident status for fish collected in 2004 was rejected for 13 out of a total of 390 individuals (3.3%) from 13 locations throughout the study area. In any given population, 93% of individuals fell within the expected distribution of assignment scores for resident genotypes (Table 4) . Immigrant genotypes were distributed across nine populations, including all catchments. Exclusion tests for each of the 13 putative immigrants against all populations in the same catchment revealed that five ''immigrants'' were excluded as residents from all sampled populations and the remaining eight ''immigrants'' could not be excluded as residents from multiple populations. It therefore appears likely that some of the genetically identified immigrants represent true F 0 immigrants whose source Note: P values refer to the probability of obtaining the observed total classification success rate due to chance only. Analyses were based on data from the Monash University laser system. out of a total of 219 individuals (5.5%). The proportion of individuals from each 2005 site that fell within the expected distribution of assignment scores for 2004 ranged from 75% to 100% (Table 4) .
Discussion
Contemporary dispersal
Analysis of the otolith chemistry and genetic data provide important insights into the within-lifetime dispersal histories of Australian smelt. Analysis of the genetic data from the 2004 samples, which included both YOY (2004 cohort) and 1-year-old fish (2003 cohort), showed that the most pronounced structuring of variation in all markers occurred between relatively closely spaced populations within catchments. Most relevant to contemporary dispersal patterns, the assignment tests based on microsatellite variation provide information on whether the genetic composition of an individual is the result of random mating within a population of resident parental genes or if it is an immigrant whose genetic makeup is derived from a different population of parental genes. The low number (<4%) of immigrants detected using these tests provides evidence that the genetic variation recovered from each sampling location is representative of the existence of a series of stationary local popula- Given the distinctive otolith chemical signatures of YOY fish observed among sites within catchments, as evidenced by the analysis of otolith edge chemistry, disparate natal (core) chemical signatures would have been expected among fish from particular sites if recruits had dispersed throughout or among catchments from one or more common spawning grounds. However, the tightly grouped and spatially distinct natal chemical signatures of fish from the vast majority of sites (the Broken River was an exception) strongly suggest that most new recruits were retained in localized areas within catchments after spawning. An alternative explanation for this pattern is that recruits dispersed throughout or among catchments in nonmixing groups with distinctive core chemistry signatures that were not reflective of the sites from which the fish were sampled. The likelihood that such an explanation has a significant effect on the interpretation of our results appears remote, however, considering the similarity in spatial patterns between the core and edge chemical signatures and the lack of hydrological connectivity prior to sampling. In the more ephemeral streams (e.g., McIvor Creek, Forest Creek, Castle Creek), the finding of limited dispersal by the 2004 cohort is not surprising because dispersal of juvenile fish away from their natal site was unlikely to be possible for several months prior to sampling due to a lack of hydrological connectivity caused by extended cease-to-flow conditions (R.J. Woods and D.A. Note: Maximum likelihood estimation (MLE) using otolith core chemistry data for the 2004 cohort collected as 1-year-olds in February 2005 (otolith chemistry). Otolith analyses were conducted separately for each of the three catchments ((a) Campaspe, (b) Goulburn, and (c) Ovens) and were based on data from the ANU laser system. Assignments using otolith chemistry methods were conducted on 1-year-old fish, and genetic assignments included young-of-year (YOY) and 1-year-old fish. Total or average: total n values, average % resident. ing or immediately prior to sampling at some sites (e.g., Campaspe River), and at least some dispersal of juveniles may have been possible but apparently did not occur to a large extent at most sites.
Sampling of the 2004 cohort of fish as 1-year-olds in 2005 for otolith chemistry analysis was conducted following a period in which all of the study sites had experienced periods of hydrological connection during winter and spring. Unlike the genetic and otolith chemistry results for the 2004 samples, the core otolith chemistry assignment tests suggested that retention of 1-year-old individuals was highly variable among sites in 2005. Given the similarities in otolith core chemistry of YOY fish collected in 2004 at some sites across the different catchments, some potential exists for our retention estimates to be biased by intercatchment immigration during the periods of hydrologic connection. However, the large geographic distance among the catchments, the presence of numerous instream barriers, and the relatively short duration of reconnection during winter and spring 2004 suggest that such large-scale movements are unlikely to strongly influence our findings. Overall, the otolith chemistry results suggest that dispersal of smelt may be both spatially and temporally variable and that hydrologic connectivity is likely to be a major factor in determining the rates of dispersal within catchments. Likewise, the genetic analysis of 2005 fish showed greater among-site variation in assignment success relative to the 2004 sample. It is notable that otolith chemistry indicated high retention of 1-year-old individuals in the Campaspe and Ovens catchments but more variation in the Goulburn catchment. A similar pattern was reflected in the genetic assignment results. Populations in the Goulburn catchment had consistently high rates of genetic assignment success in 2004 (ranging from 93% to 100%), with more variation evident in 2005 (75%-100%). Although otolith chemistry and genetic analysis of smelt were each able to detect similar patterns of spatial population structure in 2004, the response to connectivity in 2005 was more noticeable in the otolith analysis. The difference in resolving power of the two methods might be explained by more pronounced variation in water chemistry over small spatial scales relative to variation in population allele frequencies. An increase in power to correctly detect immigrant individuals using the genetic approach would be achievable with the use of more microsatellite loci ).
Historical dispersal
Analysis of otolith and genetic data at the level of individual populations indicates limited contemporary dispersal of smelt during periods of low hydrological connectivity and spatially variable dispersal following higher flows that reinstate connectivity. Although the otolith chemistry results suggest that immigrants moved into many of the study sites between the summer of 2004 and the summer of 2005, this provides no information on the distance moved by individuals, and thus, we are unable to determine the spatial extent of contemporary connectivity between local populations from the otolith chemistry data. Nevertheless, if the presentday dispersal is spatially restricted and this is indicative of a long-term historical pattern, we might expect partitioning of genetic variation among the three catchments to be relatively large and significantly nonrandom in accordance with the stream hierarchy model (Meffe and Vrijenhoek 1988) . Similarly, if equilibrium between limited migration and genetic drift were established throughout the study region, then a positive correlation would be expected between population differentiation and river distance (Slatkin 1993; Hutchison and Templeton 1999) . As neither of these models was supported by the genetic data, we infer that (i) longterm equilibrium between drift and migration is not established and (or) (ii) that the observed spatial pattern of differentiation is the product of stochastic sorting of genetic variation into the refugial pools that form during dry periods of the year. The latter hypothesis (ii) is analogous to Significance determined by 10 000 random permutations of sampling units among predefined hierarchical groupings (i.e., populations among catchments (F CT ), individuals among populations within catchments (F SC ), and individuals among populations (F ST ). *, P < 0.05; **, P < 0.001; ***, P < 0.0001.
''patchy recruitment'' (sensu Bunn and Hughes 1997) or ''family sampling'' (sensu Allendorf and Phelps 1981) whereby a sample of individuals is representative of a limited number of families rather than the wider population. In this way, colonization of refugial pools by closely related cohorts of juvenile smelt at the end of spring and early summer might result in the population-level differentiation observed at small spatial scales. This scenario might be supported by extensive deviations from Hardy-Weinberg proportions across loci and sampling sites due to nonrandom mating (Bunn and Hughes 1997; Hughes et al. 1998 ). However only a small number of these deviations were observed in the present study, as is typically the case in similar studies of freshwater fish populations (e.g., Huey et al. 2008) .
The hypothesis of nonequilibrium between migration and genetic drift across the study area (i.e., hypothesis i, above) is supported by the observed relationship between river distance and genetic differentiation, which resembles the hypothetical outcome expected when a homogenous source population invades a region, followed by dramatic attenuation of among-population gene flow (Hutchison and Templeton 1999) . According to this scenario (i.e., case III, Hutchison and Templeton 1999) , the scatter of points in the IBD plot results from stochastic sorting of genetic variation into populations due to rapid colonization of a region, followed by small-scale fragmentation of populations (''microvicariance,' ' Templeton et al. 1990 ), which increases variance in the differentiation between pairs of populations without regard to the geographic distance separating them. Nonsignificant IBD patterns similar to those observed in this study are occasionally observed in studies of river fish taxa (e.g., Castric et al. 2001; Costello et al. 2003) . In these cases, a historically recent colonization of the river system is usually high on the list of suspected biological mechanisms to account for the pattern. Nucleotide variation at the mtDNA locus is compatible with the nonequilibrium hypothesis as this satisfies a model of rapid expansion in population size across the study area occurring during the late Pleistocene. Although it seems clear that a balance between genetic drift and migration has not been reached across the study area, further study is required to establish whether patchy recruitment is contributing to the observed patterns of genetic variation. Analysis of genetic variation over multiple years within sites would be useful to address this question because temporal differentiation would be expected to match or exceed spatial variation if refugial pools are colonized under a model of patchy recruitment (Hughes et al. 1998 ).
Implications for river management
It appears that despite evidence of some localized movement, contemporary among-population movement of Australian smelt within the three study catchments is restricted to at least some extent and that this has resulted in genetic structuring among local populations. This finding is particularly interesting in light of previous studies in larger, more perennial lowland rivers that have reported large numbers of Australian smelt undertaking potamodromous migrations through fishways (Mallen-Cooper et al. 1995) . Such apparently disparate behaviour by smelt in different environments suggests that connectivity between local and regional populations of this species differs between small ephemeral waterways and larger lowland rivers. This has clear implications for the management of rivers and their fisheries, as it suggests that specialized strategies may be required to conserve the genetic and ecological integrity of populations of a single species depending on the environmental (e.g., hydrological) characteristics of the ecosystem under consideration.
Integrating methods of otolith chemistry and genetic analysis, as demonstrated here, provides a promising means of interpreting the contemporary responses of species to changes in land and water management practices within the context of their premanagement history. Given the imminent threats to aquatic biota in ephemeral waterways posed by factors such as predicted climate change and increasing human demands for water, an understanding of contemporary and historical movement patterns of species at the landscape scale is critical to the future development of strategies to conserve biodiversity in aquatic ecosystems.
